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2. Joint entry: No

3. Product Name:

WET-ETCH FIGURING—Optical Figuring by Controlled Application of Liquid

4. Brief description of entry:
WET-ETCH FIGURING (WEF) is an automated method of precisely figuring optical

materials by the controlled application of aqueous etchant solution. This technology uses
surface-tension-gradient-driven flow to confine and stabilize a wetted zone of an etchant
solution or other aqueous processing fluid on the surface of an object. This wetted zone can
be translated on the surface in a computer-controlled fashion for precise spatial control of
the surface reactions occurring (e.g. chemical etching). WEF is particularly suitable for
figuring very thin optical materials because it applies no thermal or mechanical stress to the
material. Also, because the process is stress-free the workpiece can be monitored during
figuring using interferometric metrology, and the measurements obtained can be used to
control the figuring process in real-time – something that cannot be done with traditional
figuring methods.

5. When was this product first marketed or available for order:

This process first became available for license in December of 2000.
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6. Inventor or Principal Developer:

Developers: M. C. Rushford
Position: Physicist
Phone: (925) 424-6349
E-mail: rushfordl @nl.gov

J. A. Britten L. J. Summers C. R. Hoa,glan
Chem. Engineer Chemist Technician
(925) 423-7653 (925) 422-8027 (925) 423-3765
britten l@lhd.gov sumrners3@llnl. ,gov hoaglan 1@llnl.gov

Organization: Lawrence Livermore National Laboratory (LLNL)
Address: 7000 East Ave. P.O. Box 808
City: Livermore
State: California
ZIP: 94550
Country: USA

7. Product price

The licensing price for this technology is being negotiated.

8. Do you hold any patents or patents pending on this process? Yes[X] No [ ]

9. Product description:

What does it do? WET-ETCH FIGURING is an entirely new process for figuring
complex optical surfaces. It confines an aqueous etching solution to a stable footprint of a
controllable size on the surface of the optical material being figured. As the confined etchant
is moved over the surface of the material, etching or dissolution of the surface occurs.
Unlike other figuring techniques, WEF is stress-free; that is, the workpiece experiences no
mechanical or thermal stress during processing. Thus, an interferometer can be used to
measure the material while it is being figured, and these measurements can be used to
control where the etching solution is applied to the material and how long it stays there—all
without interrupting the process. The lack of stress also means that WEF is perfect for
figuring very thin (less than 1 millimeter thick) optic glasses to precise optical tolerances,
something achievable only at great expense using other methods.

How does it work? WEF is simple to implement, operates at ambient conditions, and
requires no elaborate or expensive tooling. It makes use of the principles of interracial

“transport phenomena, optical interferometry, and machine control in an integrated process
for feedback-controlled optical figuring using wet chemical etching, WEF employs a
surface-tension-gradient-induced flow (the Marangoni effect) to confine the aqueous etching
solution on the surface of the material being etched. Surface-tension gradients can be
thermally or chemically-induced; we use chemistry to provide the effect. (See Figure 1 and
the accompanying video for an explanation.) Briefly, an aqueous etching solution flowing
up through and then down the outside of a tube wets the underside surface of an optical
material when this surface is placed very close to the tube end. Since the fluid wets the
surface, a drop forms, and the bottom of the drop transitions into a film flowing down the
outside of the tube. This is illustrated in the cover photo.

Normally, when the etchant drop is moved laterally along the surface, a thin film of
etchant is left behind, that continues to work on the surface. If, however, a water-soluble
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volatile organic compound (VOC) (e.g., low-molecular-weight alcohol vapor) is introduced
in the vacinity of the tube either by evaporation from a pool or convection in a carrier gas,
the vapor absorbs into the etchant, building to a somewhat higher concentration in the
relatively quiet zone near the material’s surface than in the continuously refreshed falling
film zone. Minute concentrations of absorbed VOC’S have a profound effect on the surface
tension of the aqueous etchant. The concentration gradient of VOC’S in the vicinity of the
attached drop gives rise to a surface-tension gradient strong enough to pull the liquid film of
etchant off of the material’s surface and confine it in a stable pattern. The confined etchant
can now be moved across the surface of the optical material without leaving behind a film or
changing shape. Thus, the size and shape of the zone being etched at any given time is
constant and controlled, and optical figuring becomes possible.

No thermal or mechanical stresses are applied to the optical material during this process.
Because the entire top surface of the material can be unsupported and free of obstruction, an
optical interferometer can be setup to look down through the workpiece from the top and
measure its optical thickness, either globally or at a spot coincident with the center of the
wetted zone. The measurements are made in real time while the surface is being etched, and
this information can be used to control the speed and movement of the wetted zone of
etchant. Thus, time-consuming iterative polish/measure cycles are eliminated. The process is
robust with respect to changes in ambient conditions as well since it does not rely on precise
knowledge of surface removal rates, but rather measures them in real time.

10a. Competitive products:

Currently, the field of optical figuring is dominated by techniques using abrasive
polishing tools. Many companies (e.g., Zygo, SVG-Tinsley, United Lens Inc.) employ
small-tool abrasive finishing (STF) for figuring aspheric lenses, continuous contour phase
plates, and other complex optical surfaces. Recently, QED Technologies and Zygo Inc.
commercialized a magneto-theological finishing (MRF) technology, which uses small tools.
This process is a variant of traditional polishing. It allows for fine lateral feature control and
faster removal rates by controlling the viscosity of a ferromagnetic abrasive slurry by
application of external magnetic fields. In general, these abrasive polishing techniques rely
on precise knowledge of material removal rates, because the surface figure is not measured
during the process. The workpiece must be removed from the figuring machine and return to
room temperature before surface figure is measured with a separate instrument. Thin

“substrates (a few millimeters or less thick) are also difficult to figure using abrasive
polishing techniques because the pressure of the tool can deform the workpiece, altering
surface removal rates. Polishing processes in general also leave behind a gel layer that can
be a few micrometers thick. It consists mostly of hydrated glassy material redeposited from
the polishing process, and can also contain very small grains of abrasive material. In fact, it
is this gel material that results in a very smooth optical surface. However, the presence of
the abrasive particles in the gel layer negatively affects optics employed in high-power
ultraviolet transmission systems by absorbing the radiation that can seed optically induced
damage to the surface.

Ion-beam figuring (IBF) is also used to figure complex surfaces on optical substrates. IBF
has commercialized by Kodak Inc., mainly for large telescope and space-based optical
elements. This process removes surface material by moving an ion beam over the surface of
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the substrate, causing sputtering of the surface material. This process also requires precise
knowledge of material removal rates because no measurements are be made of the material
during figuring. Also, because the ion beam that is key to this process must operate in a
large high-vacuum chamber requiring elaborate pumping equipment and high-voltage
electronics, IBF apparatus is expensive to build and operate.

Finally, plasma-assisted chemical etching (PACE) has also been developed to some
extent. This process suffers from the same disadvantages as IBF. The processing equipment
is expensive to build and operate, and the workpiece cannot be measured while the figuring
process in under way.

10b. Comparison matrix:

Techniquel WEF STF MRF IBF PACE

Workpiece can be measured during processing x

Ambient process x x x

Stress-free figuring of workpiece x * *

Can easily figure material less than a millimeter thick x x x

Automated, totally deterministic finishing with real- X
time metrology

Can smooth optically rough surfaces x+ x+

1 WEF = WET-ETCH FIGURING; STF = small-tool finishing; MRF = magneto-rheologicd finishing; IBF = ion-
beam figuring; PACE = plasma-assisted chemical etching,

* Can induce thermal gradients,

+ However, mechmic~ contact by tool can lead to scratchldig damage to surface.

10C. Improvements upon competitive technologies:

WEF’S unique advantages over competing processes are:

●

●

●

During the fully automated wet-etch figuring process, the workpiece can be measured
with an interferometer, and the results of those measurements can be used to control
and correct the figuring process.
WEF takes place at room temperature and pressure and is inexpensive to implement.
WEF is an enabling technology for precision optical figuring of very thin optics, that
now can be utilized in a variety of applications (e.g., flat-panel displays) that were
cost-prohibitive to produce previously.
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Wet-etch figuring-cannot create a smoother finish on a fine scale (single micrometers to
10s of micrometers) than the finish the optic originally had. In other words, the optic must
possess a specular surface (either as is, in the case of extruded or float glass, or as a result of
a traditional polishing step) before this technique is used to do final figuring. This fact does
not constitute a limitation of the process: all final figuring techniques start with optical]y
smooth surfaces. If the material is heterogeneous on this fine scale or has been polished
using a method that has resulted in subsurface scratches, digs, etc. that have been filled in
with gel material, WEF will result in a roughened surface.

Livermore researchers have developed WEF circular spot tools for two-dimensional
figuring and long, narrow slotted tools for one-dimensional flattening of large thin glass
sheets. Figure 2 shows an interferogram of a 150- x 250-mm section ofa380-micrometer-
thick borosilicate glass sheet, originally exhibiting about 10 waves of optical distortion, that
was flattened using automated WEF to less than 1 wave of optical distortion. The ability of
WEF to create such thin, optically precise glass sheets cost effectively over large areas
opens up new possibilities for such glass in lightweight-critical applications such as space-
based optics, astronomy, laser and imaging systems, and other applications where optical
distortion is to be minimized.

llb. Principal applications of this technology:

This new process can be used for:

● Aspheric figuring of lenses.
● Figuring of complex shapes such as continuous contour phase screens diffusers,

Alvarez lenses, static wavefiont correctors and other optics used in lasers systems,
astronomy, precision imaging systems, and lithography.

● Flattening the one-dimensional ripple exhibited by thin commercially extruded sub-
millimeter-thickness glass sheets, making them available cost-effectively for
demanding optical applications.

s Figuring lightweight optics for space applications and for astronomical applications,
including consumer or hobbyist telescopes.

llb. Other applications for which this technology can now be used:

This process can be used in any application where local control of the placement of an
aqueous processing solution on the surface of a substrate is desired. Such an application
exists in the processing of semiconductor wafers (oxide etching or etching of other layers,
cleaning, etc.) and in flat-panel-display processing. These opaque or structured surfaces can
also be measured with an interferometer by measuring the substrate (or a thin film deposited
on the substrate) from below through the transparent etching fluid.

lIC. Other potential applications:

The principles of wet-etch figuring are at their root, generic effects based on a known and
proven scientific principle, the Marangoni effect. This technology can be used for drying
substrate surfaces following cleaning, for example, or for controlled deposition (as in
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epitaxial growth from aqueous solution) as opposed to the surface removal processes
described here.

12. Why should this product win an R&D 100 Award?

WEF is an entirely new process for figuring complex optical surfaces based on different
principles than existing optical figuring technologies. Instead of using some means of
abrasive polishing to finish optical materials, WEF uses a precisely confined and shaped
flow of aqueous etching solution to remove material from the optic’s surface. Thus, unlike
other finishing processes, WEF is stress-free-that is, the workpiece receives no mechanical
or thermal stress while it is being figured.

This lack of stress permits the use of an interferometer to measure the workpiece during
the figuring process. These measurements can be used to monitor and control the figuring
process according to the exact figuring specifications for the optical material. Processing,
measuring, and correcting take place simultaneously, not in a series of expensive, time-
consuming iterative steps. It is also less expensive than some other processes because it
operates under ambient conditions and requires no expensive high-vacuum chambers or
high-voltage electronics.

The lack of stress also permits figuring of very thin (less than a millimeter thick)
lightweight optical materials important in areas as diverse as astronomy and flat panel
displays. If competing processes can handle ultrathin material, they can do so only at great
expense.
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Figure 1. Pictorial explanation of Marangoni effect applied to wet-etch figuring
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Figure 2. Transmission interferogram of 200x150 mm section of 400 mm square, 0.38
mm thick glass sheet flattened using linear wet-etch figuring. Transmitted wavefront
aberration of over 9 waves (HeNe) reduced to less than 1 wave over this area. Over 12
microns of material have been removed at originally thickest section.
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R&l) Magazine
~&)t) (%uwwter Ave
Oak Brook, 1160523

l{K: R&D – 100 Award Nt)mini;fku

Gentlemen:

Wel etching of substrates is a l’umk~menm] manufacturing step in many ti~ [ech industie.s. It is usd in !hc
seminconductur device nhaufacnxirrg on siliqnn and GaAs wafers, in lhe FM Panel industry, in the Mask
making industry,in !-heimrci disk industry mid in sc.vwal other high tech industies such SL.Sthe inkjet printer
hcw3 marwfircnwing. ~ almust my of the above industries, feature sizes are dec~ing and more precision
wet prumssing is necessary. (% top of that, there is a general trend in the indust~ to ch~gc the
manufacmirsg t~whnology from barch based 10 xinglc sub.su-ate based. hwrcncc IJvernlow Nationtil
Laboramry nnd in particuIM 1. A. Brir(en has devekspcd a very high pfe~isi~u kxhniquc co apply wet
ctchanrs to a horizonti single subsri-ar,e rhr. allows t.hc wet clching to be very accura[e. This technique is
very promising for achieving the high XCurJcy needed for next gcncmtiors manufacturing o 1“smaller
feature sizw

Applied Materiak is Cllrrerrlly investigating the technology &drJped aDd demons~dted at WA% for wet

elching of single subs~[es. We bdicve this technology will allow very accurale wei c(ching of single
substrates wirh very low chemical consumption.

Sincerely,

Slwm Verhaverbekc

Technology Manager,
Wet Clean
ApplieclMa~erids
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To whom it may ooncern,
Berkshire●RG74PR

Tel(O118) 9814111 Fax(O118) 9815320

Sutiwt: Recerammdationfor Research andDevdoprnent 100 Award(R&D 100).

I am writing this letter to rWO~ the Lawrence LivemMw Nrdonal Laboratory for a 2001 R&)) award
ror the work entitled “WET-ETCH OPTICAL FIGURING BY CONTROLL15D APPLICATION OF
LIQUID ETCELA.NT”. The innovatiw WOfi of tke wet etch Processing t- in the development of a wet
etch optical pdishiag tod comes at an qpmpride time to enable t%brication of the compkx smfk
profiles required on optical components used in high power Iasers such as NIF, and HELEN at AWE
These axmponents such as waveffont correction elements and pbaae plates for modifying far field intensity
distriions also have wide applicab@in.smlk scale lasers. In&e& tic tednique may be applied in
any optical ~stern The specification of expensive opacal cmnponenrs may be relaxed and perkrrnance
RCOVeM using custom plates mamafi+ctnredby this xneth~ thereby offering $i@cant cost savings in
fabrication.

A benefieky of this work wiU be the tera-Watt class HELEN laser at AWE, one of tiy a few such hers
worldwide. This was @milt M year to make it the ikst high power glass kw configured in a multi-pass
architecture to be *ly deployed as a diver for plasma ph~es e~~. me ~vfiont of fie kf=
inthiscordigwation ismoreeetofi~ emorsin tlteopties andpumpindueed phsse distortionsin
tic ktserampliiien. One methodofimpmvkg the wavefrontfor better fecnsabil@ is through use of static
phase correetor plates. AWE with our research patn~ Heriot Watt University, have been investigating
the developmentof these phase plates using aityeteh techniqu~. The reactive ion etch tee.bnique requires
high fidelity lithographic tmosfbr proeeases and the etch depth requirement is at rle limit of the dry etch
pr@es& whereas the new wet etch polishing tool eliminates rhc lithogra@ic transfer processes and is abie
to achieve higher etch depths with a better ~~ finish, The wet etch figuring technique is thedore a
signitlcant and I&U& breakthrough in fabrication of such optical compmenrs.

As Group Leader fm Laser @22tiOIIS and Researeh at the Atomic Weapons Eatablishmenc AV& in the

UK I am mponsible for the operation and fixture development of high power solid state laser .synema,I
have over 26 years experience in the operations and development of high power #ass lasers sincejoining
the e@iishmenf. then the AtomicWeaponsResearch Estabkhment run by the UK Ministry of Defence in
1974. follo~g graduation with a B$c Hons m Physics horn the University of St. Andrews, Se&md. N&
partieukr research interests over the past few years have been on the application of diffractive optical
elements which offer great potmial in producing componettts with functional@ not redisabIe by
convenaonal @miquM. However, the research indieatea that pure diffractive components result in
pot~tidiy &maging htti~ modulahon on the beam This new figur@ teclnuWe may realise the
desiredfkmtionafitywithoutthe modulati~ a significant breakthrough

I believe my baekgmnnd qualifies me to make the recommendab ‘onof the award for the wet etc13figuring
techniquedevelopedby LLNL. I betieve this to& truly outsbnding and innovadvewok an advarmment
in opticalfitbricationand therefore well &serving of an It&D 100 Award.

Sincerdy yours

2-iMr
TIi Bett
(imuP Leader, bSeK@Xilti02i$ and Research
Tcl 44 1189S2 5432 Fax 441189824842
e-mail ton2.bett@awe.cO.uk
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